) rats resulted in substantial reduction of blood pressure salt sensitivity in this consomic rat strain designated SSBN13. In the present study, we attempted to identify genes associated with salt-sensitive hypertension by utilizing a custom, known-gene cDNA microarray to compare the mRNA expression profiles in the renal medulla (a tissue playing a pivotal role in long-term blood pressure regulation) of SS/Mcw and SSBN13 rats on either low-salt (0.4% NaCl) or high-salt (4% NaCl, 2 wk) diets. To increase the reliability of microarray data, we designed a four-way comparison experiment incorporating several levels of replication and developed a conservative yet robust data analysis method. Using this approach, from the 1,751 genes examined (representing more than 80% of all currently known rat genes), we identified 80 as being differentially expressed in at least 1 of the 4 comparisons. Substantial agreements were found between the microarray results and the results predicted on the basis of the four-way comparison as well as the results of Northern blots of 20 randomly selected genes. Analysis of the four-way comparison further indicated that ϳ75% of the 80 differentially expressed genes were likely related to salt-sensitive hypertension. Many of these genes had not previously been recognized to be important in hypertension, whereas several genes/pathways known to be involved in hypertension were confirmed. These results should provide an informative source for designing future functional studies in salt-sensitive hypertension. renal medulla; Dahl S rat; blood pressure; kidney; consomic rats ENHANCED SENSITIVITY OF BLOOD pressure to dietary salt intake is observed in a significant portion of hypertensive patients, especially in the African-American population (20). To elucidate the mechanism for the development and progression of salt-sensitive hypertension, the present study was directed toward determining the pattern of gene expression that underlies the pathophysiology of this disease. Despite the significant progress that has been made in the last few decades, the effort to identify those genes in the past was inevitably compromised by the high degree of genetic heterogeneity and complexity even in the animal models. Moreover, one could only examine the expression of one or a few genes at a time so that determining patterns and differences in gene expression in complex diseases such as salt-sensitive hypertension was cumbersome and inefficient.
opment and progression of salt-sensitive hypertension, the present study was directed toward determining the pattern of gene expression that underlies the pathophysiology of this disease. Despite the significant progress that has been made in the last few decades, the effort to identify those genes in the past was inevitably compromised by the high degree of genetic heterogeneity and complexity even in the animal models. Moreover, one could only examine the expression of one or a few genes at a time so that determining patterns and differences in gene expression in complex diseases such as salt-sensitive hypertension was cumbersome and inefficient.
To explore the relationship between genes and environment in hypertension, we have studied a colony of inbred Dahl salt-sensitive SS/JrHsd/Mcw (SS/Mcw) and salt-resistant Brown Norway BN/SsNHsd/Mcw (BN/Mcw) rats maintained at the Medical College of Wisconsin (5) . Utilizing these inbred strains, we have developed panels of consomic inbred rat strains in which chromosomes from BN/Mcw rats are introgressed, one at a time, into the genetic background of SS/Mcw rats. One of these consomic strains in which chromosome 13 of BN/Mcw was substituted into the background of SS/Mcw (SSBN13) exhibited substantial reduction of blood pressure salt sensitivity. The mean arterial pressure (MAP) of SSBN13 on a high-salt (4% NaCl) diet for 4 wk averaged 119 Ϯ 2 mmHg, compared with 170 Ϯ 3 mmHg in SS/Mcw and 103 Ϯ 1 mmHg in BN/Mcw (4) . Comparison of the SS/Mcw and SSBN13 rat strains, therefore, provides a potentially robust model system for identification of genes associated with salt-sensitive hypertension.
The present study was designed to identify genes associated with salt-sensitive hypertension by using a custom, known-gene cDNA microarray to compare the mRNA expression profiles in the renal medulla, a tissue known to play a pivotal role in long-term regulation of blood pressure (2, 3) , of SS/Mcw and SSBN13 rats on either low-or high-salt diets. We used a custom microarray containing 1,751 genes representing more than 80% of all currently known rat genes. In addition, a four-way comparison experimental design and a conservative data analysis method were developed, which allowed us to better utilize the power of cDNA microarray while minimizing several of its potential pitfalls.
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Using this approach, we identified a number of genes/ pathways that had not previously been recognized to be important in salt-sensitive hypertension, while several genes/pathways known to be involved in saltsensitive hypertension were confirmed.
MATERIALS AND METHODS
Chromosomal substitution. Chromosome 13 from the saltresistant BN/Mcw rat was substituted for chromosome 13 of the Dahl salt-sensitive SS/Mcw rat through selective breeding as described previously (4) . The resulting consomic SSBN13 rat, therefore, contained homozygous SS/Mcw alleles on every chromosome, as confirmed by a total genome scan, except chromosome 13, which was homozygous BN/ Mcw at all alleles as confirmed by a scan at higher density. The consomic line was maintained by brother-sister mating.
Construction of rat known-gene cDNA microarrays. We purchased 1,687 clones of rat genes from Research Genetics (Huntsville, AL), and together with 64 rat genes cloned in our department, we amplified these by PCR using appropriate primer sets. The vast majority of these clones represent currently known rat genes that have been assigned defined names and in most cases have some known functions. Each PCR product was analyzed by agarose gel electrophoresis. Approximately 90% of the PCR products appeared as single bands. The PCR products were diluted with 50% DMSO and spotted in duplicate using a 4-pin arrayer (Affymetrix, Santa Clara, CA) on micro-glass slides (Corning Glass Works, Corning, NY) that had been coated with poly-L-lysine (6) . Negative controls including DMSO, PCR buffer, PCR buffer with primers, vectors, and Arabidopsis genes were printed in several areas throughout the slide. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ␤-actin were also printed in several areas and used as positive controls. The design of this microarray is shown in Fig. 1 . Printed arrays were blocked with succinic anhydride (6) and stored in the dark at room temperature.
Dietary salt intake protocol and tissue harvesting. Six SS/ Mcw rats and six SSBN13 rats were maintained on a low-salt (0.4% NaCl) diet until 11-12 wk of age. Three rats of each strain were then switched to a high-salt (4% NaCl) diet for 2 wk, while the other three rats of each strain were maintained on the low-salt diet. On the day of tissue harvest, rats were anesthetized with Inactin (25 mg/kg ip) and ketamine (20 mg/k im). Kidneys were removed quickly and the renal medulla (both papilla and outer medulla) was selectively dissected using a sterile surgical blade and scissors, snap frozen in liquid nitrogen, and stored at Ϫ80°C. Tissue was collected between 10:00 AM and noon.
cDNA labeling and microarray hybridization. Total RNA was isolated from the renal medulla using the TRIzol reagent (Invitrogen/Life Technologies, Carlsbad, CA). Total RNA of 50 g was reverse-transcribed to cDNA in a reaction primed by 2 g of oligo-(dT) 12-18. The reverse transcription reaction contained 1ϫ RT buffer (Invitrogen/Life Technologies), 2.5 mM MgCl2, 10 mM dithiothreitol, 500 M each of dATP, dGTP, and dCTP, 40 M dTTP, 40 M of either Cy3-dUTP or Cy5-dUTP (Amersham Pharmacia, Piscataway, NJ), and 7.5 U/l SuperScript II RT enzyme (Invitrogen/Life Technologies) in a total volume of 20 l. The reaction was performed at 39°C for 2 h with an additional 75 U of SuperScript II RT enzyme added at the middle of the reaction. After RNase H digestion, the cDNA products that had been labeled with either the Cy3 or Cy5 fluorescent dye were purified using Centri-Sep spin columns (Princeton Separations, Adelphia, NJ) and QIAquick purification columns (Qiagen, Valencia, CA). Labeled cDNAs were then concentrated using Microcon YM-30 filters (Millipore, Bedford, MA) and hybridized to a microarray at 65°C for 16 h in a hybridization solution containing mouse Cot-1 DNA, 1 g/l poly-dA, 1.14 g/l yeast tRNA, 3.4ϫ SSC, and 0.3% SDS. Slides were washed and scanned using the ScanArray 5000 [Packard Bioscience (formerly GSI Lumonix), Meriden, CT] to quantify the fluorescent intensity of Cy3 and Cy5 in each spot. Renal medullary gene expression profiles were examined in four comparisons: SSBN13 rats on the low-salt diet compared with SS/ Mcw rats on the low-salt diet; SS/Mcw rats on the high-salt diet compared with SS/Mcw rats on the low-salt diet; SSBN13 rats on the high-salt diet compared with SSBN13 rats on the low-salt diet; and SSBN13 rats on the high-salt diet compared with SS/Mcw rats on the high-salt diet. For any two samples (rats) involved in a comparison, one was labeled with Cy3 and the other was labeled with Cy5. The two samples were pooled after labeling and hybridized to a microarray. To control for dye variations, these two samples were labeled again with Cy3 and Cy5 switched between the two samples and hybridized to a second microarray. Thus 4 groups of rats with 3 rats in each group were studied, and 2 hybridizations were performed for each pair of rats, resulting in a total of 24 microarray hybridizations. The schematic of this experimental design is shown in Fig. 2 .
Microarray data analysis. Raw values of fluorescent intensity were extracted from microarray images using the software ImaGene 4.01 (BioDiscovery, Los Angeles, CA). This yielded values for the mean fluorescent intensity and the standard deviation of pixels within the signal and the local background areas (see Fig. 1 for definitions) in the Cy3 and Cy5 channels for each spot. Negative controls in each microarray, a total of 372 spots, were pooled, and the mean of their signal intensity and the standard deviation were calcu- Fig. 1 . Design of the custom, rat known-gene cDNA microarray. Top left: an overview of an entire microarray after hybridization. Center: enlarged view of one of the four quadrants of the microarray. The four quadrants had similar spot layouts. Top right: a detailed view of one of the spots on the microarray showing the definitions of signal and local background areas that were used in data analysis. The microarray contained 4,608 spots that included 1,751 genes, representing more than 80% of all currently known rat genes, printed in duplicate, and also included hundreds of spots of housekeeping genes and negative controls printed in several areas throughout the microarray. lated for Cy3 and Cy5. A spot was defined as "nondetectable" if its mean signal intensity was less than the mean of the negative control signal intensities plus two times the negative control standard deviation for the same slide. A spot was defined as "low quality" if it was detectable but its mean signal intensity was less than its local background mean intensity plus two times the local background standard deviation. The resulting data set, designated as the "defined raw data," was then analyzed following the scheme shown in Fig. 3 to identify differentially expressed genes. Based on this approach, spots that had low fluorescent intensities in both Cy3 and Cy5 channels as well as spots that had high local background in either or both channels were discarded. These spots would likely have generated misleading ratios and had a disproportionate impact on the overall ratio distribution that served as the basis for several subsequent steps of analysis. Spots that had low intensity in only one channel and had good quality in the detectable channel were kept. Since, however, a low intensity value in a single channel might result in a falsely large ratio, this potential variation was reduced by adding a threshold value to both channels of these spots before the ratio calculation. This may have caused underestimation of the fold changes of some genes, but the process reduced the chance of obtaining unreliably large ratios. Data from one hybridization were normalized by adjusting the mean Ln(ratio) to be zero, based on the assumption that the expression levels of the vast majority of genes did not differ between the two samples being compared. Another important step in our analysis was the averaging of log-transformed, normalized ratios from all hybridized microarrays for each gene in any given comparison and using only these averages to identify differentially expressed genes. Rats were not paired for treatment (dietary salt intake or chromosomal substitution) in the present study, but they were randomly paired for hybridization. This pairing and the subsequent two-color hybridization allowed cohybridization of the two samples being compared on the same microarray and thus minimized the interference generated by array-to-array variations. The ratios obtained from any single pair of rats can be influenced, however, by the manner of pairing. Different sets of ratios would be obtained if the rats were paired differently. The averaged ratios, however, in combination with the previous log transformation, are independent of the way that the rats are paired. It is, therefore, necessary to use the averaged ratios, instead of ratios from individual hybridizations, to identify differentially expressed genes. At the end, a gene was considered differentially expressed between the two groups in a comparison if averaged, log-transformed, and normalized ratio of the gene was beyond mean Ϯ 2 SD of the entire set of ratios from that comparison and if the raw data for that gene passed the selection process and yielded ratios in at least five of the six hybridizations in that comparison (Fig. 3) .
Microarray result validation. For genes identified as differentially expressed in at least one comparison, the original clones obtained from Research Genetics were resequenced to verify their identity. Homologies to the partial sequences obtained were searched using BLAST. The expression of 20 genes randomly selected from the list of genes identified as differentially expressed in at least one comparison in the microarray experiments were further examined by Northern blotting (24) . Due to the limited quantity of RNA samples available, the membranes were stripped and rehybridized up to five times. Fig. 2 . Experimental design. Six microarray hybridizations were performed for each of the four comparisons. As an example, the comparison of SS/Mcw and SSBN13 on the high-salt diet is described in detail on the right. Fig. 3 . Data analysis process. See METHODS AND MATERIALS for definitions of "nondetectable" and "low quality". Ch, channel (i.e., Cy3 or Cy5); bkg, background; neg, negative control; s.d., standard deviation. * The larger (neg mean ϩ 2 ϫ neg s.d.) value of the two channels was used to adjust both channels. Table 1 summarizes the number of spots in each of the categories defined by our data analysis method described in Fig. 3 and indicates the action applied to them. From the 1,751 genes stamped on each microarray, ϳ1,000 of these genes passed the data selection process and yielded ratios that were used for identification of differential expressions.
RESULTS
Numbers of differentially expressed renal medullary genes in the four comparisons are summarized in Table  2 . Names of these genes, together with their clone IDs, locations on the original Research Genetics stock plates, actual ratios, and related pathways/functions are shown in Tables 3-6, with each table containing genes identified in one of the four comparisons. These genes are grouped under several categories. Overall, 80 genes were differentially expressed in at least one comparison. Note that the categorization and pathways/functions included in Tables 3-6 were intended strictly as reference only, since a complete description of these genes is beyond the intended scope of this report. Moreover, many of these genes are either not well-characterized in terms of functions or have multiple functions, which is not reflected in the categorization presented in the Tables 3-6 .
The identity of the Research Genetics clones showing differential expression in at least one comparison was examined by resequencing the original clones. The partial sequences obtained for 56 of the 74 clones resequenced exhibited high degrees of homology with the clone identities provided by Research Genetics. Eight clones did not match the Research Genetics identities, whereas the sequences of another 10 clones were not obtained due to either multiple amplification products or the absence of products. These 18 clones were indicated in the Tables 3-7 with a question mark in parentheses following their gene names and clone IDs. More extensive sequencing is needed to assign exact identities to these 18 clones.
Because of the involvement of genetic and dietary factors in the present study, the differential expression of these genes might be related to both the substitution of chromosome 13 and changes in dietary salt intake or related to either one of them alone. Because of the substantial reduction in blood pressure salt sensitivity caused by the substitution of chromosome 13, genes related to both the substitution of chromosome 13 and changes in dietary salt intake are more likely associated with salt-sensitive hypertension. These three categories of genes can be roughly separated by comparing the results from the four comparisons. When the genes in Table 3 (SSBN13 vs. SS/Mcw on a low-salt diet) were compared with those in Table 6 (SSBN13 vs. SS/Mcw on a high-salt diet), we found 12 genes that were in both Tables 3 and 6 and were altered toward the same direction in both Tables 3 and 6 . These 12 genes were, therefore, differentially expressed between the two strains of rats independent of changes in dietary salt intake. Thus these 12 genes are likely related to the substitution of chromosome 13 alone. Similar inspection of Table 4 (SS/Mcw on a high-salt diet vs. SS/Mcw on a low-salt diet) and Table 5 (SSBN13 on a high-salt diet vs. SSBN13 on a low-salt diet) indicated that seven genes appeared in both Tables 4 and 5 and changed in  the same direction in Tables 4 and 5 . In other words, these seven genes were altered by changes in dietary salt intake independent of the differences in chromosome 13 between the two strains and were, therefore, likely related to the changes in dietary salt intake alone. The rest of the genes in Tables 3-6 , ϳ60 genes, were related to both the substitution of chromosome 13 and changes in dietary salt intake. These genes were, therefore, more likely associated with salt-sensitive hypertension. Note that the separation of genes described above was a rough estimate. Closer inspection revealed that there were a few exceptions in each category. For example, methylacyl-CoA racemase-␣ was downregulated by the high-salt diet in both SS/ Mcw (Table 4 ) and SSBN13 (Table 5 ) and was, therefore, classified as a gene related to changes in dietary salt intake alone. However, this gene appeared to be downregulated to a larger extent in SSBN13 because it was expressed at a lower level when SSBN13 on a high-salt diet was directly compared with SS/Mcw on a high-salt diet (Table 6 ). Therefore this gene might 1 See METHODS AND MATERIALS for definitions of "nondetectable" and "low quality." 2 "All spots" does not include housekeeping gene spots or negative control spots. 3 See Fig. 3 for the method used to "adjust" the signals of these spots. 13LS, SSBN13 rats on a low-salt (0.4% NaCl) diet; SSLS, SS/Mcw rats on the low-salt diet; SSHS, SS/Mcw rats on a high-salt (4% NaCl, 2 wk) diet; and 13HS, SSBN13 rats on the high-salt diet.
actually be related to both the substitution of chromosome 13 and changes in dietary salt intake.
The unique four-way comparison design of the present study (Fig. 2 ) also allowed us to use the results from any three of the four comparisons to predict the result of the fourth comparison. The prediction could be made either qualitatively or quantitatively. Qualitative prediction took advantage of the significant upregulation or downregulation of a particular gene in three comparisons and derived the tendency of change for this gene in the fourth comparison. For example, if gene X was not differentially expressed between SS/ Mcw and SSBN13 on the low-salt diet, was significantly upregulated by the high-salt diet in SS/Mcw, and was not changed by the high-salt diet in SSBN13, we could then predict that gene X would be expressed higher in SS/Mcw than in SSBN13 when both were on the high-salt diet. Quantitative prediction used ratios for a gene obtained from three comparisons and calculated the predicted ratio for that gene in the fourth comparison. For example, if gene Y had a ratio of 1.0 for the comparison of SSBN13 over SS/Mcw when both were on the low-salt diet, had a ratio of 1.4 for SS/Mcw on the high-salt diet over SS/Mcw on the low-salt diet, and had a ratio of 0.7 for SSBN13 on the high-salt diet over SSBN13 on the low-salt diet, we could then predict that the ratio of gene Y for SSBN13 on the highsalt diet over SS/Mcw on the high-salt diet would be 0.5. When the predicted results were compared with the actual experimental results, we found that, of the 118 differential expressions of 80 genes, 74 (63%) were confirmed by at least one way of prediction, and 31 (26%) were confirmed by both ways of prediction. The substantial agreement between actual experimental results and the derived results indicated a high level of consistency in our microarray data.
As another way to test the reliability of our microarray method, we used a random number generator to randomly select 20 genes from the genes identified as differentially expressed by microarray and performed conventional Northern blot analysis to examine their expression levels in the renal medulla of the four groups of rats used for microarray experiments. The actual ratios for these genes in each comparison obtained from both microarray and Northern blot analyses are shown in Table 7 . According to a Spearman rank-order analysis, a highly significant correlation coefficient of 0.447 (P Ͻ 0.001) was found between the Ln(ratio)s obtained from the two methods. Of the 40 ratios that exceeded the threshold for the microarray analysis, all but 5 were directionally confirmed by Northern blot analysis. The large majority of genes whose ratios were not significantly changed based on the threshold criteria for the microarray analysis, also had ratios that were close to one according to Northern blot analysis. We also attempted to locate the differentially expressed genes on rat chromosomes. Of the 80 differentially expressed genes, 61 have their identities confirmed, including 56 Research Genetics clones, sequence-verified by the authors, and 5 in-house clones. We were able to retrieve chromosome locations for 30 of the 61 genes from the Rat Genome Database maintained at the Medical College of Wisconsin (http://rgd.mcw.edu/). Chromosome locations for another 16 genes were derived from human and/or mouse genomes by using the virtual comparative mapping tool also located on the RGD web site. Of the 46 mapped genes, one, kynurenine 3-hydroxylase, was found to be located on chromosome 13. The other 45 genes are widely distributed on many chromosomes.
DISCUSSION
Assessment of microarray results. cDNA microarray is a powerful technique that has been primarily used for high-throughput gene expression profiling (7, 17, 18) . However, the application of this technique has caused substantial concerns for two main reasons: 1) the lack of necessary replicates (11) and 2) the lack of extensive assessment of raw data reliability (22) . These flaws often lead to unreliable or uninterpretable results, especially a large percentage of false positives.
To address these problems, we first developed an experimental design that incorporated several levels of replication. In addition to printing each gene in duplicate on the microarray (Fig. 1) , we included three individual rats in each group and the hybridization was repeated for each pair of rats with dye switching (see METHODS AND MATERIALS, and Fig. 2) . At the end, we had six hybridized microarrays representing three pairs of rats for each of the four comparisons.
We then developed a systematic, conservative approach to perform data analysis (Fig. 3) . To be included in the ratio calculation, a spot had to have a signal fluorescent intensity that was significantly above the negative controls and the local background, as defined in METHODS AND MATERIALS. Only about 60% of the spots passed this selection process. The adjustment applied to the 1% of spots (Fig. 3 and Table 1 ) also reduced the chance of obtaining falsely large ratios, while allowing us to keep these potentially important spots because they might represent induction of a gene not initially expressed or complete quenching of the expression of a gene. We used two times the standard deviation as the threshold for differential expression. This was based on the assumption that the expression levels of the vast majority of genes did not differ between the two groups being compared. This threshold is data set dependent and less arbitrary than a fixed fold change threshold. Furthermore, a gene that had a ratio beyond the threshold had to meet another criterion to be considered differentially expressed, i.e., the raw data for that gene should pass the selection process in at least five of the six hybridizations in that comparison. In addition to the confidence gained by incorporating replicates and employing a conservative data analysis 
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Cytochrome P-450-related enzymes method, the four-way comparison design allowed use of the results from any three comparisons to predict the result of the fourth comparison. The substantial overlapping between the predicted results and the actual experimental results indicated a high level of consistency in our microarray data and further increased our level of confidence on these data. Finally, the validity of our microarray method was supported by Northern blot analysis. Northern blot has been used by many studies to validate results from microarrays (14, 19) . Since the genes used for Northern blot analysis in the present study were randomly selected from the list of genes identified by the microarray, the high degree of agreement between the results of Northern blot and microarray not only provided a level of validation for the changes of those specific genes but also strongly supported the reliability of all the significant changes identified by microarrays and indicated a low false-positive rate in our microarray results.
Identification of differentially expressed renal medullary genes. The genes identified in the present study included those related to several pathways that are known to be associated with salt-sensitive hypertension. Examples of these genes included the cytochrome P-450 enzyme family (16) and collagen-related genes. Several collagen-related genes were substantially upregulated by the high-salt diet in SS/Mcw but not in SSBN13 (Tables 4 and 5 ). This is consistent with the well-known accumulation of collagen in tissues of hypertensive subjects, including the kidney tissues of Dahl salt-sensitive rats on a high-salt diet (13, 21) . It is interesting to note that some genes that are often found to be involved in hypertension, such as renin and nitric oxide synthases, were not identified as differentially expressed in the present study. Closer inspection of the data indicated that the expression levels of many of these genes in the renal medulla, which was the tissue examined in this study, were below the conservative detection threshold and, therefore, were discarded before ratio calculation.
Importantly, many genes that had not been recognized before to be associated with salt-sensitive hypertension were identified in the present study. Deoxyribonuclease I (DNase I) is an interesting example. DNase I is a major enzyme involved in DNA hydrolysis. As shown in the present study (Table 7) , the renal medullary expression of this gene was not significantly different between SS/Mcw and SSBN13 on the low-salt diet. However, the exposure to the high-salt diet significantly downregulated the expression of this gene in SS/Mcw but not in SSBN13. Recent studies in both mice (12) and humans (23) have indicated an important role of the deficiency of DNase I in the pathogenesis of systemic lupus erythematosus presumably due to the inefficient clearance of nuclear DNA-protein complexes after cell death. It would be interesting to determine whether a similar pathophysiological process also occurs in salt-sensitive hypertension and, if so, whether it plays any role in the progression of this disease. Another example is kidney-specific protein.
Kidney-specific protein is encoded by a rat gene specifically expressed in the kidney (8) . The function of this protein is unknown. The present study (Table 7) showed that this gene was expressed at a lower level in the renal medulla of SSBN13 compared with SS/Mcw on the low-salt diet. When the rats were exposed to the high-salt diet, the expression of this gene was further decreased in SSBN13 but did not change significantly in SS/Mcw. Interestingly, the predicted peptide se- quence of this protein had ϳ70% similarity to the product of SA gene (8) whose renal expression was substantially higher in spontaneously hypertensive rats compared with Wistar-Kyoto rats (10) , although the involvement of SA gene in hypertension was not supported by congenic rat studies (9) . The distinct regulation of the kidney-specific protein in SSBN13 and SS/Mcw rats strongly suggests the need for further studies on the function of this protein and its role in hypertension.
Taken together, the mRNA expression profiles established in the present study indicate several possible phenotypic features in the renal medulla of SS/Mcw and SSBN13 rats that may be related to salt-sensitive hypertension. For example, a number of genes related to extracellular matrix/fibrosis, cellular stress response, or apoptosis were altered by the transfer of the chromosome 13 and the changes of dietary salt intake (Tables 3-6 ). The changes of those genes generally indicated higher fibrotic activity, higher stress levels, and higher apoptotic activity in the renal medulla of SS/Mcw compared with SSBN13 when exposed to the high-salt diet. In addition, a large number of genes related to pathways such as arachidonic acid metabolism, energy metabolism and/or fatty acid oxidation, and so on, were altered. The pattern of changes of these genes, however, was more complicated, and the net effect on tissue functions and phenotype was less straightforward. Clearly, much more work needs to be done to interpret and integrate these results.
It is widely accepted that hypertension is a complex disease often determined by both genetic and nongenetic factors and that multiple genes are involved in the development and progression of this disease (1, 15) . Indeed, quantitative trait loci for blood pressure have been located on many rat chromosomes (15) . The multigene nature of hypertension, in particular, of saltsensitive hypertension, is supported by the present study. As described in the RESULTS, of the 1,751 genes examined, ϳ60 exhibited changes of expression in association with both the substitution of chromosome 13 and changes in dietary salt intake. These results indicate that there are likely multiple known rat genes in the renal medulla that are associated with salt-sensitive hypertension, although at the current stage it is difficult to clearly distinguish genes causing salt-sensitive hypertension from those that exhibited changes in expression in response to hypertension.
Equally evident from these results is the extensive interchromosomal gene-gene interactions involved in salt-sensitive hypertension. The genetic backgrounds of SS/Mcw and SSBN13 were identical except for the chromosome 13. As discussed above, a few dozen genes were differentially expressed in one or more of the comparisons because of the difference in the chromosome 13. As shown in the RESULTS, these genes are widely distributed on many rat chromosomes. Of the 46 genes that we were able to map, only one, kynurenine 3-hydroxylase, was mapped to chromosome 13. Kynurenine 3-hydroxylase is a mitochondrial membrane enzyme involved in the synthesis of NAD/NADP from tryptophan. It is noteworthy that relatively few known genes have been mapped to chromosome 13. Of the 1,751 genes included in our microarray, only 13 have been mapped to the chromosome 13. Therefore, it is likely that some of the differentially expressed genes that we were not able to map, mostly due to uncertain identities, might be actually located on chromosome 13. Moreover, the known rat genes, which were the majority of genes examined in this study, constitute only a small portion of the entire set of rat genes. Furthermore, it is possible that the regulation of some genes on the chromosome 13 did not occur at the level of steady-state mRNA content and, therefore, could not be identified by the approach used in the present study. It is also possible that differential expression of genes on the chromosome 13 in tissues outside the renal medulla affected the expression of genes on other chromosomes in the renal medulla. Taken together, it is likely that the difference of chromosome 13 between SS/Mcw and SSBN13 can, through extensive interchromosomal gene-gene interactions, result in differential expression of genes on many chromosomes. Collectively, this may contribute to the changes in phenotypes caused by the substitution of chromosome 13, such as the reduction of blood pressure salt sensitivity.
Perspectives
It is self-evident that the regulation of steady-state mRNA levels, which was the parameter assessed in the present study, is by no means the only mechanism that the body invokes to cope with genetic or environmental alterations. It is not the intention of the present study to obtain a complete picture of molecular events occurring in the renal medulla in salt-sensitive hypertension. Yet the information generated by the present study is undoubtedly vast in quantity and highly thought-provoking in nature. Although the consistency with the current understanding of hypertension provides another level of confirmation of the validity of the novel approaches taken by the present study, the identification of dozens of genes by a single study that had not previously been recognized to be associated with hypertension constitutes the most fascinating part of the present work. Further studies on the functional roles of these genes in hypertension hold the promise of discovering novel pathways critical to this disease and hopefully the design of new therapeutic approaches. Equally exciting and important is the integration of this large collection of differentially expressed genes in the context of organ function and disease process, a formidable task that can only be attempted after we have a better understanding of the functional roles of all these genes. In addition to the lack of a full understanding of the functional roles of these genes, the interpretation of the results of the present study at this point of time is also limited by several other factors such as the relatively small number of currently known rat genes, the small number of genes that have been mapped to chromosome 13, the lack of comparable studies in other strains of rats, and so on. A more complete understanding and appreciation of these results should be possible a few years from now when these limitations will likely have been at least partially overcome.
In summary, we have utilized a combination of chromosomal substitution and custom known-gene cDNA microarray techniques to identify rat renal medullary genes associated with salt-sensitive hypertension. Using a unique four-way comparison experimental design and a conservative data analysis process, a total of 80 genes, including many genes that were not previously known to be involved in hypertension, were identified to be differentially expressed in at least one of the comparisons. Our data supported the multigene nature of salt-sensitive hypertension, indicated extensive interchromosomal gene-gene interactions in this disease, and should provide an informative source for designing future functional studies.
